The ruminant-specific leukotoxin (Lkt) of Mannheimia haemolytica is the key virulence factor contributing to the pathogenesis of lung injury in bovine pneumonic pasteurellosis. Previous studies by us and others indicate that M. haemolytica Lkt binds to CD18, the ␤ subunit of bovine ␤ 2 -integrins on leukocytes, and that the species specificity of Lkt-induced effects is resident in the ␤ subunit CD18 and not in the ␣ subunit CD11. However, Lkt also binds to the CD11a subunit of LFA-1. Furthermore, antibodies specific for CD18 or CD11a inhibit signaling events leading to elevation of intracellular [Ca 2؉ ], tyrosine phosphorylation of the cytosolic domain of CD18, and cytolysis of bovine leukocytes. These observations underscore the need for further investigation to identify the precise subunit of bovine LFA-1 utilized by M. haemolytica Lkt as the functional receptor. For this purpose, monomeric bovine CD18 and CD11a and heterodimeric LFA-1 were expressed in the HEK-293 cell line by transfection, and the resulting transfectants were tested for susceptibility to Lkt-induced effects. All three transfectants effectively bound Lkt. However, Lkt-induced cytolysis was observed only with transfectants expressing monomeric bovine CD18 or LFA-1. Furthermore, intracellular [Ca 2؉ ] elevation following exposure to Lkt, which is a marker for postbinding signaling leading to cellular activation, was seen only with transfectants expressing monomeric bovine CD18 or LFA-1. These results clearly indicate that the bovine CD18 subunit of ␤ 2 -integrins is the functional receptor for M. haemolytica Lkt.
Mannheimia (Pasteurella) haemolytica serotype 1 is the primary bacterial pathogen of bovine pneumonic pasteurellosis, which is commonly known as shipping fever, causing extensive economic losses to the beef and dairy cattle industry in the United States and elsewhere (3, 4, 6, 13, 19) . The disease is an acute respiratory infection which results in severe fibrinous pleuropneumonia, often followed by the deaths of infected animals (19, 41) . M. haemolytica is a gram-negative, nonmotile coccobacillus which is a commensal bacterium of tonsillar crypts and the upper respiratory tract of healthy cattle as well as many other ruminants. Various factors such as stress and concurrent viral or bacterial infections facilitate its colonization in the lower respiratory tract, resulting in the development of pneumonia (5) . The bacterium produces several virulence determinants, of which leukotoxin (Lkt) and lipopolysaccharide are the major determinants that largely contribute to the pathogenesis of pneumonia (14, 15, 37) . M. haemolytica Lkt is a calcium-dependent cytotoxin. It is a protein with an approximate molecular mass of 102 kDa, produced in high concentrations during the logarithmic growth phase (2, 19) . It is a member of the repeats-in-toxin (RTX) family of pore-forming cytolysins that shows cell type as well as species specificity. The Lkt has narrow target cell specificity in that it interacts only with leukocytes from cattle, goats, sheep, and other ruminants (2, 4, 36) . This observation has led to the hypothesis that species and cell-specific effects are mediated through a specific receptor which is unique to ruminant leukocytes.
We and others have independently shown that the cytotoxic effect of Lkt on bovine and ovine leukocytes is mediated by Lkt-␤ 2 -integrin interactions (1, 7-10, 17, 23, 24, 26, 40) . ␤ 2 -Integrins are leukocyte-specific integrins that are critical for homing leukocytes to the sites of inflammation, phagocytosis, antigen presentation, and cytotoxicity (11, 27) . They are expressed on the cell surface as heterodimeric glycoproteins composed of the ␣ subunit CD11 and the ␤ subunit CD18. These subunit associations result in the expression of four different ␤ 2 -integrins, CD11a/CD18 (LFA-1), CD11b/CD18 (Mac-1), CD11c/CD18 (CR4), and CD11d/CD18 (11) . CD11d/ CD18 has not been characterized well in the ruminants (31) . Since Lkt binds to CD18 and species-specific susceptibility to Lkt-induced effects is resident in the CD18 subunit, a consensus within the field is that the CD18 subunit of ␤ 2 -integrin(s) is the receptor for Lkt. Indeed, in our previous studies, the recombinant expression of bovine or ovine CD18 in an Lkt nonsusceptible cell line rendered it susceptible to Lkt-induced cytolysis, indicating that CD18 is necessary and sufficient to mediate Lkt-induced cytolysis of target cells (7, 8, 26) . However, in these studies, CD18 was expressed as a heterodimer with murine CD11a, which precluded the elucidation of the role of CD11a, if any, in Lkt-induced cytolysis of ruminant leukocytes. In related studies, Lkt also bound to the CD11a subunit of LFA-1 (17) . In addition, antibodies specific for CD18 or CD11a were equally effective in inhibiting signaling events, leading to the elevation of intracellular [Ca 2ϩ ], tyrosine phosphorylation of the cytosolic domain of CD18, and cytolysis of bovine leukocytes (10, 18, 38) . These discordant findings underscore the need for additional studies to identify the precise functional receptor to which Lkt binds and initiates signaling events leading to activation and cytolysis of bovine leukocytes.
Past studies have shown that the ␣ subunit CD11 and the ␤ subunit CD18 have to associate with each other in order to be transported to and expressed on the leukocyte surface (20, 28) . Recently, monomeric human integrins CD11a, CD11b, and CD18 have been successfully expressed in several nonhematopoietic cell lines such as human embryonic kidney (HEK)-293 and COS cells (22, 35, 42) . Therefore, we took advantage of the ability of HEK-293 cells to express monomeric CD11a and CD18, as well as their nonsusceptibility to M. haemolytica Lktinduced cytolysis to generate transfectants expressing monomeric bovine CD11a or CD18. We also generated an HEK-293 transfectant expressing heterodimeric CD11a/CD18 and used all three transfectants to elucidate the role of each subunit in Lkt-LFA-1 interactions.
The specific objectives of this study were to determine (i) if binding of Lkt to CD18 alone has any functional consequence, (ii) if CD18 dimerization with CD11a is required for the responsiveness to Lkt-induced biological effects, (iii) if binding of Lkt to CD11a has any functional consequence, and (iv) which one of these subunits serves as the functional receptor for M. haemolytica Lkt. Here we present data which demonstrate unequivocally that bovine CD18 is the functional receptor for M. haemolytica Lkt.
MATERIALS AND METHODS
Cell lines and growth conditions. The HEK-293 cell line (ATCC CRL-1573) was maintained in complete Dulbecco's modified Eagle's growth medium (Invitrogen, Carlsbad, CA) containing 4 mM L-glutamine and 100 g/ml normocin (Amaxa Inc., Gaithersburg, MD) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Atlanta Biologicals, Norcross, GA) at 37°C in a humidified atmosphere of 5% CO 2 . Transfectants stably expressing monomeric bovine CD11a or CD18 or heterodimeric LFA-1 were selected and maintained in complete growth medium supplemented with blasticidin (40 g/ml for CD11a), G418 (Geneticin; 1.5 mg/ml for CD18), or both antibiotics (for LFA-1) (InvivoGen, San Diego, CA).
Monoclonal antibodies. Anti-human CD11a monoclonal antibody (MAb) HUH73A (immunoglobulin G1 [IgG1]), which cross-reacts with bovine CD11a, and anti-bovine CD18 MAb BAQ30A (IgG1) were obtained from Washington State University Monoclonal Antibody Center. The Lkt-neutralizing MAb MM601 (IgG1) and the Lkt-nonneutralizing MAb MM605 conjugated to fluorescein isothiocyanate (FITC) were used for Lkt neutralization and Lkt-CD11a/ CD18 binding studies, respectively (12) . The MAb 8G12 (IgG1) specific for bovine respiratory syncytial virus was obtained from the Department of Veterinary and Biomedical Sciences at the University of Nebraska-Lincoln and used as an isotype-matched control MAb (21) .
Production of M. haemolytica Lkt. M. haemolytica Lkt was prepared from culture supernatants by using a previously described procedure (12) . All experiments were performed with the same batch of Lkt.
Bovine CD11a and CD18 cDNAs. Bovine CD11a cDNA was made from total cellular RNA isolated from a bovine lymphoma cell line (BL-3; ATCC CRL-8037) using the Superscript III reverse transcription (RT)-PCR system according to the manufacturer's protocol (Invitrogen). Gene-specific primers were designed based on the available bovine CD11a sequence, and CD11a was amplified by PCR using high-fidelity PfuUltra II Fusion HS DNA polymerase as described by the manufacturer (Stratagene, La Jolla, CA). The PCR products obtained were cloned into the mammalian expression vector pcDNA6.2/GW/D-TOPO (Invitrogen) to yield pRD/Bo CD11a. The bovine cDNA for CD18 (34) was generously provided by Marcus Kehrli (NADC, Ames, IA), and subcloned into the mammalian expression vector pCI-neo to yield pMD1 (8) .
Transfection of bovine CD11a and CD18 into HEK-293 cells. The mammalian expression vectors carrying cDNAs for bovine CD11a (pRD/Bo CD11a) and CD18 (pMD1) were transfected either individually or together into HEK-293 cells, using TransFast transfection reagent according to the manufacturer's protocol (Promega, Madison, WI). Two days posttransfection, cells were transferred into 75-cm 2 tissue culture flasks containing the selection medium blasticidin (40 g/ml for bovine [Bo] CD11a transfectants), G418 (1.5 mg/ml for Bo CD18 transfectants), and both antibiotics for Bo LFA-1 transfectants. Transfectants stably expressing monomeric bovine CD11a or CD18 or heterodimeric LFA-1 on their cell surface were evaluated by flow cytometric analysis with MAbs specific for bovine CD11a or CD18.
Flow cytometric analysis of cell surface expression of bovine CD11a and CD18. The transfectants were examined for surface expression of bovine CD11a or CD18 following labeling with appropriate MAbs, as previously described (7). Briefly, 2.5 ϫ 10 5 bovine transfectants in 50 l of fluorescence-activated cell sorter (FACS) buffer (3% horse serum and 0.01% sodium azide in phosphatebuffered saline [PBS]) were incubated with 50 l of either the MAb BAQ30A (30 g/ml) or HUH73A (30 g/ml) on ice for 15 min. Following three washes in FACS buffer, the cells were incubated with 100 l of FITC-conjugated goat anti-mouse Ig on ice for another 15 min (1:200 dilution; Caltech Laboratories, Burlingame, CA). The parent HEK-293 cell line was used as a negative control and was treated similarly with both antibodies. The cells were washed three times with FACS buffer, resuspended, and analyzed in a flow cytometer (FACSort; Becton-Dickinson Immunocytometry Systems, San Jose, CA). Transfectants expressing monomeric bovine CD11a or CD18 or heterodimeric LFA-1 were enriched by mini magnetic cell sorting columns following labeling of transfectants with anti-CD11a or anti-CD18 MAbs (30 g/ml), followed by goat antimouse IgG conjugated to superparamagnetic microbeads (20 l) according to the manufacturer's protocol (Miltenyi Biotech Inc., Auburn, CA).
Lkt-binding assay. The ability of M. haemolytica Lkt to bind transfectants was evaluated by flow cytometry as previously described (7). Briefly, 5 ϫ 10 5 bovine transfectants in 50 l of colorless RPMI medium were incubated with 50 l of Lkt (640 units per ml) on ice for 40 min, followed by fixation with 2% paraformaldehyde in PBS at 4°C for 10 min. Following three washes in FACS buffer, transfectants were incubated with 100 l of Lkt-nonneutralizing MAb MM605-FITC (1:75 dilution) on ice for 15 min and then washed three times with FACS buffer. The HEK-293 parent cells incubated with Lkt, followed by MM605-FITC, served as the negative control for the Lkt-binding assay.
Determination of Lkt-induced cytolysis of bovine transfectants. The susceptibility of transfectants to M. haemolytica Lkt-induced cytolysis was determined by a previously described MTT (3-[4,5-dimethylthiazoyl-2-Yl]-2,5-diphenyl tetrazolium bromide [Sigma Chemical Co., St. Louis, MO]) dye reduction cytotoxicity assay (7, 8, 12) . This assay measures the ability of the endoplasmic reticulum resident enzymes in viable cells to convert a tetrazolium dye into a purple formazan precipitate, which is later dissolved in cold acid isopropanol. The optical density (OD) of the end product, representing the intensity of the purple color developed, is directly proportional to the viability of the cells. The percentage of cytolysis was calculated as [1 Ϫ (OD of toxin-treated cells/OD of toxin-untreated cells)] ϫ 100.
Inhibition of Lkt-induced cytolysis. The inhibition of Lkt-induced cytolysis of the transfectants by MAbs specific for CD18 or CD11a was determined by the cytotoxicity assay described above, with the exception that the cells were preincubated with the anti-CD18 MAb BAQ30A (50 g/ml), the anti-CD11a MAb HUH73A (50 g/ml), or the isotype-matched control MAb 8G12 (50 g/ml) at 4°C for 40 min before incubation with Lkt. In order to demonstrate that the cytolytic effect on the transfectants was specifically induced by Lkt, the cytotoxicity assay was performed after the preincubation of Lkt with Lkt-neutralizing MAb MM601 (10 g/ml) at 4°C for 40 min. 
RESULTS AND DISCUSSION
Previous studies by us and others confirmed ␤ 2 -integrins as the receptors for Lkt on the leukocytes of cattle, bighorn sheep, and domestic sheep (1, 10, 17, 23, 24, 38, 40) . In further studies in our laboratory, the recombinant expression of CD18 from cattle or domestic sheep or bighorn sheep rendered a Lkt-nonsusceptible murine cell line susceptible to Lkt-induced cytolysis (7, 8, 26) , prompting us to propose that CD18 is necessary and sufficient to mediate Lkt-induced cytolysis of target cells. However, in these studies we could not definitively rule out a role for the ␣ subunit CD11a in Lkt-induced cytolysis because the transfected CD18 was expressed as a heterodimer with murine CD11a. Therefore, in this study we developed transfectants which exhibit monomeric expression of either bovine CD11a or CD18 in order to clarify the role played by the individual subunits without the confounding effect of the other.
Transfectants express monomeric bovine CD11a or CD18 or LFA-1 on their surfaces. We selected the nonhematopoietic cell line HEK-293 for this study because of its nonsusceptibility to Lkt-induced cytolysis and its ability to express monomeric ␤ 2 -integrins on the cell surface (23, 35, 42) . Transfectants coexpressing bovine CD11a and CD18 (Bo LFA-1) were obtained in much larger numbers (sixfold greater) than the transfectants expressing either subunit (Bo CD11a or Bo CD18). The coexpression of CD11a and CD18 on the cell surface of Bo LFA-1 transfectants was almost 1 log greater than the expression of CD11a and CD18 on Bo CD11a and Bo CD18 transfectants, respectively (data not shown). Furthermore, expression of the CD11a/CD18 heterodimer on Bo LFA-1 was stable for much longer periods than the expression of CD11a and CD18 on Bo CD11a and Bo CD18, respectively, necessitating frequent selective enrichment with appropriate MAb and magnetic sorting. Although either subunit can be expressed by itself on the cell surface of HEK-293 cells, these observations indicate that the association of CD11a and CD18 in the cytosol greatly enhances the transport and stable expression of both subunits on the cell surface. Since it is well established that CD11a and CD18 in leukocytes have to associate with each other to form a heterodimer in order to be transported to the surface of leukocytes (28) , it is very likely that Bo LFA-1 is expressed as a heterodimer. This conclusion is supported by the coprecipitation of bovine CD18 with murine CD11a in an earlier study in our laboratory (8) and by the coprecipitation of human CD18 with CD11a or CD11b from human Mac1 transfectants by Solovjov et al. (35) . It has been clearly demonstrated by a variety of methods that the individual human ␤ 2 -integrin subunits were not expressed on HEK-293 cells (35, 42) in association with subunits belonging to any other family of integrins endogenously expressed by these cells. Therefore, it is very likely that the monomeric bovine CD11a and CD18 subunits are transported to and expressed on the cell surface of HEK-293 cells by themselves, without association with any other endogenous integrin subunits. Furthermore, it is likely that the CD11a and CD18 subunits are expressed as monomers and not as homodimers, since the GFFKR motif on the CD18 cytosolic domain enables only the association of CD11a with CD18 and not the formation of homodimers (11, 20, 28) . Transfectants coexpressing bovine CD11a and CD18 as a heterodimer (LFA-1) enabled us to compare Lkt binding, Lkt-induced cytolysis, and intracellular [Ca 2ϩ ] elevation among the transfectants expressing the ␤ 2 -integrin subunits CD11a and CD18, either as monomers or as heterodimers.
Lkt binds to the transfectants expressing bovine CD11a and CD18. In order to determine the ␤ 2 -integrin subunit specificity of Lkt binding, the transfectants expressing monomeric bovine CD11a (Bo CD11a) or CD18 (Bo CD18) were subjected to flow cytometric analysis. Transfectants expressing both bovine CD11a and CD18 as a heterodimer (Bo LFA-1) were used as the positive control, and the parent cells (HEK-293) were used as the negative control for Lkt binding. As expected, Lkt bound to Bo LFA-1 (98%) but not to HEK-293 cells. Lkt also bound to both the Bo CD11a (82%) and Bo CD18 (92%) transfectants, indicating that Lkt does bind to bovine CD18 as well as to CD11a (Fig. 1) . This was not an unexpected observation since our earlier studies have shown that Lkt-LFA-1 binding is inhibited by anti-CD11a or anti-CD18 MAbs (17) . We have also demonstrated Lkt-CD11a and Lkt-CD18 binding by affinity chromatography-based binding assays with bovine alveolar macrophages and LFA-1 transductants (10, 38) . Therefore, it is very likely that at least one or perhaps more Lkt-binding sites are present in the bovine CD11a and CD18 subunits.
Lkt induces cytolysis of transfectants expressing monomeric bovine CD18 but not CD11a. Lkt does bind to nonruminant leukocytes but does not induce cytolysis or intracellular [Ca 2ϩ ] elevation (17) , suggesting that Lkt binding itself is not sufficient to induce cytolysis. Therefore, it was of interest to determine whether Lkt binding to monomeric bovine CD11a expressed on Bo CD11a transfectants and monomeric bovine CD18 expressed on Bo CD18 transfectants lead to cytolysis of these cells. We subjected the Bo CD11a and Bo CD18 transfectants to the MTT dye reduction cytotoxicity assay with various concentrations of Lkt. As expected, Lkt induced cytolysis of the Bo LFA-1 transfectants but not HEK-293 cells (Fig. 2) . Interestingly, Lkt induced cytolysis of the Bo CD18 transfectants in a concentration-dependent manner but did not induce cytolysis of the Bo CD11a transfectants (Fig. 2) , clearly indicating that Lkt-induced cytolysis is mediated by CD18 and not by CD11a.
Anti-LFA-1 and anti-Lkt MAbs inhibit Lkt-induced cytolysis of transfectants expressing bovine CD18 and LFA-1. Preincubation of Lkt with MM601 greatly inhibited Lkt-induced cytolysis of the Bo CD18 and Bo LFA-1 transfectants (ϳ80%), whereas the isotype-matched control MAb 8G12 had no effect on inhibiting cytolysis, indicating that cytolysis of both Bo CD18 and of Bo LFA-1 was in fact induced by M. haemolytica Lkt (Fig. 3) . Likewise, preincubation of transfectants with anti-CD18 MAb inhibited the cytolysis of the Bo CD18 and Bo LFA-1 transfectants (ϳ40%), whereas the isotype-matched control MAb (8G12) did not inhibit the cytolysis (Fig. 4) , suggesting that Lkt-induced cytolysis is mediated by CD18. However, anti-CD11a MAb (HUH73A) also inhibited the cytolysis of the Bo LFA-1 transfectant (ϳ50%). In our earlier studies we also observed inhibition of Lkt-induced cytolysis of bovine alveolar macrophages, polymorphonuclear leukocytes, and ovine LFA-1 transfectants by using anti-CD18 and antiCD11a MAbs (17, 23) . However, it should be emphasized here that in the cytotoxicity assay, only the monomeric bovine CD18 transfectants and the heterodimeric LFA-1 transfectants were specifically lysed by Lkt in a concentration-dependent manner (Fig. 2) . The Bo CD11a transfectants, like the parent HEK-293 cells, were not lysed by Lkt. Furthermore, the percentages of cytolysis of the monomeric bovine CD18 transfectants and the heterodimeric LFA-1 transfectants were not significantly different from each other. These results clearly indicate that it is the CD18, but not the CD11a, subunit of LFA-1 that serves as a functional receptor for Lkt. The inhibition of Lkt-induced cytolysis by anti-CD18 MAb is very likely due to the direct inhibition of interaction of CD18 with Lkt. However, the inhibition of cytolysis by the anti-CD11a MAb is very likely due to this MAb binding to CD11a and sterically hindering the interaction of CD18 with Lkt. The failure of Lkt to lyse the Bo CD11a transfectants or induce intracellular [Ca 2ϩ ] elevation in these cells (discussed below) strongly validates this conclusion. Several examples of inhibition of binding of a ligand to its receptor by a MAb binding to a closely juxtaposed molecule have been reported in the literature (25, 30, 33, 39) . [Ca 2ϩ ] elevation in bovine neutrophils and alveolar macrophages by the influx of extracellular Ca 2ϩ through voltagegated channels (16, 32) . Lkt-induced intracellular [Ca 2ϩ ] elevation has also been observed by us, using bovine and ovine LFA-1 transductants and transfectants (10, 17, 23) . Furthermore, Lkt binding to nonruminant leukocytes does not lead to the elevation of intracellular [Ca 2ϩ ] (17) . The Ca 2ϩ ion is an intracellular second messenger involved in a diverse array of Lkt-induced biological effects and is widely used as an index of intracellular signaling. Hence, it was of interest to determine whether Lkt induces intracellular [Ca 2ϩ ] elevation in the Bo CD11a and Bo CD18 transfectants. As expected, Lkt induced intracellular [Ca 2ϩ ] elevation in the Bo LFA-1 transfectants (96%) but not in HEK-293 cells (Fig. 5) . More importantly, Lkt induced intracellular [Ca 2ϩ ] elevation in the Bo CD18 transfectants (88%) but not in the Bo CD11a transfectants (Fig. 5) . As little as 5 Lkt units was sufficient to stimulate the elevation of intracellular [Ca 2ϩ ] in the Bo CD18 and Bo LFA-1 transfectants, whereas even 640 units of Lkt did not induce elevation of intracellular [Ca 2ϩ ] in the Bo CD11a transfectants and HEK-293 cells (data not shown). Furthermore, the Lktinduced intracellular [Ca 2ϩ ] elevations in monomeric bovine CD18 transfectants and in heterodimeric LFA-1 transfectants were not significantly different from each other. Incubation of all three bovine transfectants and HEK-293 cells with culture supernatant from an Lkt mutant strain of M. haemolytica (29) did not result in intracellular [Ca 2ϩ ] elevation, indicating that the influx of [Ca 2ϩ ] is specifically mediated by Lkt (Fig. 5 ). These results confirm that Lkt-induced cytolysis is mediated by Bo CD18 and that Bo CD11a has no role in this process.
Collectively, the results of this study, along with our previous finding that Lkt induces tyrosine phosphorylation of the cytosolic domain of CD18 but not CD11a (18) , now allow us to confidently propose that bovine CD18, the ␤ subunit of ␤ 2 -integrins, is the only functional receptor for M. haemolytica Lkt. Identification of bovine CD18 subunit as the functional receptor for Lkt should facilitate the development of effective control measures to combat pneumonia in ruminants caused by M. haemolytica.
